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Abstract 15 
This study aimed to develop a multi-component model that can be used to maximise indoor 16 
environmental quality inside mechanically ventilated office buildings, while minimising 17 
energy usage. The integrated model, which was developed and validated from fieldwork data, 18 
was employed to assess the potential improvement of indoor air quality and energy saving 19 
under different ventilation conditions in typical air-conditioned office buildings in the 20 
subtropical city of Brisbane, Australia. When operating the ventilation system under predicted 21 
optimal conditions of indoor environmental quality and energy conservation and using 22 
outdoor air filtration, average indoor particle number (PN) concentration decreased by as 23 
much as 77%, while indoor CO2 concentration and energy consumption were not significantly 24 
different compared to the normal summer time operating conditions. Benefits of operating the 25 
system with this algorithm were most pronounced during the Brisbane’s mild winter. In terms 26 
of indoor air quality, average indoor PN and CO2 concentrations decreased by 48% and 24%, 27 
respectively, while potential energy savings due to free cooling went as high as 108% of the 28 
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normal winter time operating conditions. The application of such a model to the operation of 29 
ventilation systems can help to significantly improve indoor air quality and energy 30 
conservation in air-conditioned office buildings. 31 
Keywords: particle number, CO2, temperature, outdoor air flow rate, multi-component model, 32 
optimum 33 
1. Introduction  34 
In most urban environments, vehicle emissions and new particle formation are the dominant 35 
source of outdoor particles [1-9]. Ambient air quality legislation regulates airborne particulate 36 
matter, in terms of particle mass concentration, expressed as PM2.5 and PM10 (mass 37 
concentrations of particles smaller than 2.5 m and 10 m respectively), and to date, these are 38 
also the most common parameters measured for research purposes.  However, in terms of 39 
number the majority of particles emitted by vehicles and new particle formation belong to the 40 
ultrafine size range (UF < 0.1 m) [10, 11].  41 
Epidemiological research has consistently shown an association between fine (< 2.5 µm; 42 
PM2.5) particle concentrations and increases in both respiratory and cardiovascular morbidity 43 
and mortality [12-16]. The health effects of UF particles are less well understood, though 44 
recent research indicates that they may be equally or more detrimental than those of PM2.5 and  45 
PM10 [17-20]. 46 
Numerous studies have demonstrated that an increase in outdoor ventilation rate can improve 47 
occupant health and productivity [21-26], and reduce the energy consumption of the HVAC 48 
(Heating, Ventilation and Air Conditioning) system inside office buildings by taking 49 
advantage of free cooling during mild weather (i.e. when the outdoor temperature is equal to 50 
or lower than the desired indoor temperature) [27, 28]. However, increasing the outdoor 51 
ventilation rate can also increase indoor particle levels, especially in buildings located in areas 52 
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with high outdoor particle concentrations due to vehicle emissions [1, 29-33] and particle 53 
formation (nucleation) events [34]. A particle formation or nucleation event is the result of 54 
gas-to-particle conversion, usually via photochemical reactions. Precursors are generally from 55 
local vehicle emissions and/or regional transport, and they significantly contribute to urban 56 
background ultrafine particle concentrations, as discussed in Quang et al. [34]. It has been 57 
suggested that the combination of economiser cycles (i.e. free cooling from outdoor air) and 58 
outdoor air filtration can simultaneously save building energy and improve indoor air quality 59 
within buildings [35-37], however, the authors did not quantify the ventilation rate required 60 
during hot, cold, or milder and cooler weather.  61 
Numerous other studies of the indoor environment have sought to optimise indoor thermal 62 
comfort and energy consumption [e.g. 38, 39-46], but only a few have investigated impacts on 63 
indoor air quality, and those that did simply used CO2 concentration as the sole indicator [47-64 
58].  65 
But indoor environmental quality is not solely determined by air quality; occupants of a 66 
building also require thermally comfortable conditions before a building can be said to be 67 
performing well. Thermal comfort studies have shown that a person's thermal sensation 68 
response to a given stimulus depends upon their state of thermal adaptation, which in turn 69 
depends on geographic location [e.g. 59] and the time of year (i.e. seasons) [e.g. 60]. A 70 
summer neutral (optimal) temperature has previously been quantified for indoor environments 71 
in Brisbane, Australia [61], however, the same is not true of the milder winter season. 72 
In order to provide a robust tool for optimising the operation of building HVAC systems, the 73 
present study aimed to develop a multi-component model to simultaneously guide the 74 
optimisation of indoor environmental quality and the minimisation of energy consumption 75 
inside mechanically ventilated office buildings. More specifically, the objectives of the work 76 
were to: (i) develop indoor air quality models, including particle number (PN), a significant 77 
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pollutant in all combustion and particle formation process, and CO2, which affects workplace 78 
productivity and well-being; (ii) build an HVAC energy consumption model based on optimal 79 
indoor temperature and outdoor ventilation rates; (iii) quantify optimal temperature inside 80 
office buildings during winter to determine appropriate parameters for objective (ii); and (iv) 81 
apply a multi-component model to evaluate indoor air quality and energy usage under 82 
different ventilation scenarios during winter and summer, in urban office buildings located in 83 
area with high outdoor ultrafine PN concentrations.  84 
2. Experimental methods 85 
This study was conducted in subtropical Brisbane, the capital city of the State of Queensland 86 
in Australia, and is located at 27.4 oS 153.1 oE. Brisbane’s weather is characterised by warm, 87 
humid summers, with an average temperature ranging from 21.3 to 30.3 oC during the warmer 88 
months; and by mild winter, with an average temperature ranging from 10 to 21.8 oC during 89 
the colder months [62, 63]. 90 
2.1. Development of indoor air quality model 91 
2.1.1. Indoor PN concentration model 92 
For buildings located in areas with high outdoor PN concentrations, where particle 93 
concentrations are significantly higher than ambient levels, or outdoor particles are the main 94 
source of indoor particle concentration, a dynamic model of indoor particle number 95 
concentration was developed by Quang et al. [33]: 96 
ܥ௜௡௧೔ ൌ ܥ௜௡௧೔షభ݁ିఈ೟೔௱௧ ൅	ܥ௢௨௧௧೔ ߚ௧೔߂ݐ (p cm-3)      (1) 97 
Where: 98 
ܥ௜௡௧೔  : indoor PN concentration at time ti (p cm-3) 99 
ܥ௜௡௧೔షభ : indoor PN concentration at time ti-1 (p cm-3) 100 
ܥ௢௨௧௧೔  : outdoor PN concentration at time ti (p cm-3) 101 
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߂ݐ ∶	time step (h) 102 
ߙ௧೔ : total removal rate of the indoor PN concentrations at time ti 103 
ߙ௧೔ ൌ ଷ.଺ൈଵ଴
య௞
௏ ൫ܳோ஺
௧೔ ܨܧ஺ுௌ ൅ ܳ௘௫௖௧೔ ൅ ܳா௫௙௧೔ ൅ ܸߣ௧೔൯ (h-1)    (2) 104 
ߚ௧೔ : total penetration rate of outdoor particle indoor at time ti 105 
ߚ௧೔ ൌ ଷ.଺ൈଵ଴
య
௏ ൣܳை஺
௧೔ ሺ1 െ ܨܧை஺ሻሺ1 െ ܨܧ஺ுௌሻ ൅ ܳூ௡௙௧೔ ூܲ௡௙௧೔ ൧ (h-1)    (3) 106 
k: mixing factor (unitless) (k = 1 if perfect air mixing conditions are assumed) 107 
ߣ௧೔: particle deposition rate at time ti (s-1) 108 
ூܲ௡௙
௧೔ : penetration factor via the building envelope at time ti (unitless) 109 
ܳை஺௧೔ : outdoor air flow rate at time ti (m3 s-1) 110 
ܳோ஺௧೔ : return air flow rate at time ti (m3 s-1) 111 
ܳ௘௫௖௧೔ : general exhaust flow rate at time ti (m3 s-1) 112 
ܳா௫௙௧೔ : exfiltration flow rate at time ti (m3 s-1) 113 
ܳூ௡௙௧೔ : infiltration flow rate at time ti (m3 s-1) 114 
FEOA: the overall efficiency of the outdoor air filter  115 
FEAHS: the overall efficiency of the air handing system filter  116 
2.1.2. Indoor CO2 concentration model 117 
A CO2 mass-balance model was developed based on the balance of CO2 generated inside a 118 
building, mainly by the building occupants, and also that brought from outside the building 119 
via ventilation and penetration through the building envelope. However, during the operation 120 
of a building’s ventilation system, the inside air pressure usually remains positive and 121 
therefore, in this case, penetration can be considered negligible compared to the contribution 122 
from outdoor air brought in by ventilation. Hence, the model was formulated based on the 123 
following equations: 124 
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ܯ௣೟೔
஼ைమ ൅ ܯ௩௘௡೟೔
஼ைమ ൌ 0         (4) 125 
Where: 126 
ܯ௣೟೔
஼ைమ : CO2 release by occupants inside the building at time ti (mg s-1) 127 
ܯ௣೟೔
஼ைమ ൌ ௣ܰ೟೔ ൈ ܩ௣೟೔
஼ைమ         (5) 128 
௣ܰ೟೔: number of occupants inside the building at time ti (person) 129 
ܩ௣೟೔
஼ைమ: CO2 release by an individual occupant at time ti. ܩ௣೟೔஼ைమ = 0.0052 l s-1 (or equals to 130 
10.21 mg s-1) for an average adult at a normal activity in the office, such as sitting, reading 131 
and writing [64].  132 
ܯ௩௘௡೟೔
஼ைమ   : CO2 volume flow of the building ventilation system at time ti (mg s-1) 133 
ܯ௩௘௡೟೔
஼ைమ ൌ ܳை஺௧೔ ሺܥ௢௨௧೟೔
஼ைమ െ ܥ௜௡೟೔
௖௢మሻ        (6) 134 
ܳை஺௧೔  : outdoor air flow rate at time ti (m3 s-1) 135 
ܥ௢௨௧೟೔
஼ைమ : concentration of outdoor CO2 at time ti (mg m-3) 136 
ܥ௜௡೟೔
௖௢మ ∶	concentration of indoor CO2 at time ti (mg m-3) 137 
From Equations (4), (5) and (6), the final indoor CO2 concentration model can be written as: 138 
ܥ௜௡೟೔
஼ைమ ൌ 	 ே೛೟೔ 	ൈ	ீ೛೟೔
಴ೀమ
ொೀಲ
೟೔ ൅ 	ܥ௢௨௧೟೔
஼ைమ  (mg m-3)       (7) 139 
Or ܥ௜௡೟೔
஼ைమ ൌ 	 ଵଵ.଼ ൈ ቆ
ே೛೟೔ 	ൈ	ீ೛೟೔
಴ೀమ
ொೀಲ
೟೔ ൅	ܥ௢௨௧೟೔
஼ைమ ቇ (ppm)      (8) 140 
2.1.3. Quantification of optimal outdoor ventilation rates by integrating PN and CO2 141 
concentration models 142 
It can be seen from Equations (1) and (8) that both indoor PN and CO2 concentrations are 143 
dependent on outdoor air flow rates, QOA. If other parameters are assumed invariant during 144 
each time step, then Equations (1) and (8) can be written as: 145 
  7 
 
ܥ௜௡೟೔௉ே ൌ ݂ሺܳை஺
௧೔ ) and	ܥ௜௡೟೔
஼ைమ ൌ ݂ሺܳை஺௧೔ ) 146 
Since the units of indoor PN and CO2 concentrations are different, to make their concentration 147 
values comparable, they were normalised by dividing them by their relevant indoor standard 148 
or guideline. The standardised indoor concentrations for PN and CO2 in office buildings were 149 
STDPN and STDCO2, respectively (further information is provided in Section 3.2). In this case, 150 
outdoor air flow rate was defined as an optimal when: 151 
஼೔೙೟೔
ುಿ
ௌ்஽ುಿ 	ൌ 	
஼೔೙೟೔
಴ೀమ
ௌ்஽಴ೀమ
൏ൌ൐ ஼೔೙೟೔
ುಿ
ௌ்஽ುಿ െ
஼೔೙೟೔
಴ೀమ
ௌ்஽಴ೀమ
ൌ 	0      (9) 152 
If assigning outdoor air flow rate ሺܳை஺௧೔ ሻ as the variable in Equation (9), the solution to this 153 
equation would be an optimal outdoor air flow rate, which balanced indoor PN and CO2 154 
concentrations at time ti.  155 
2.2. Development of HVAC energy consumption model 156 
When outdoor air ventilation is increased, potential energy savings can occur during milder or 157 
cooler weather conditions (i.e. when the enthalpy of outdoor air is lower than that of indoor 158 
air) due to free cooling. However, the opposite is true during the summer time, when 159 
additional energy consumption is required to cool and dehumidify the extra outdoor that is 160 
brought in by the increased air flow rate. If outdoor air filters are used, further energy 161 
consumption will be required to operate them. Based on these energy components, a total 162 
energy usage equation was formulated in the following sections. 163 
2.2.1. During mild weather 164 
The total potential energy saving at time ti can be expressed as follows: 165 
ܧ௧೔ ൌ ܧ௧೔௙௥௘௘_௖௢௢௟௜௡௚ െ ܧ௧೔௙௜௟௧௥௔௧௜௢௡        (10) 166 
Where:          167 
ܧ௧೔௙௥௘௘_௖௢௢௟௜௡௚ ൌ 	ߩܳை஺௧೔ ߂ܪ௧೔(W)        (11) 168 
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ߩ : density of moist air (kg m-3) 169 
ܳை஺௧೔  : outdoor air flow rate at time ti (m3 s-1) 170 
߂ܪ௧೔ : difference between indoor and outdoor air enthalpy (KJ kg-1) 171 
߂ܪ௧೔ ൌ 	ܪ௜௡௧೔ െ ܪ௢௨௧௧೔          (12) 172 
ܪ௜௡௧೔ ൌ ݂ሺ ௜ܶ௡௧೔; ܴܪ௜௡௧೔ ሻ         (13) 173 
௜ܶ௡
௧೔: indoor temperature at time ti (oC) 174 
ܴܪ௜௡௧೔  : indoor relative humidity at time ti (decimal) 175 
ܪ௢௨௧௧೔ ൌ ݂ሺ ௢ܶ௨௧௧೔ ; ܴܪ௢௨௧௧೔ ሻ         (14) 176 
௢ܶ௨௧
௧೔  : outdoor temperature at time ti (oC) 177 
ܴܪ௢௨௧௧೔  : outdoor relative humidity at time ti (decimal) 178 
Due to their high efficiency, low air pressure-drop, and the small space required for 179 
installation, electrostatic (ES) filters are widely used for cleaning outdoor air coming into 180 
large building HVAC systems. In this case, the energy consumption due to filtration is: 181 
ܧ௧೔௙௜௟௧௥௔௧௜௢௡ ൌ ܧ௖௢௥௢௡௔௧೔ ൅ ܧ௙௔௡௧೔  (kW)        (15) 182 
Where: 183 
ܧ௖௢௥௢௡௔௧೔ ൌ ௖ܲ௢௥௢௡௔ܳை஺௧೔  (kW)        (16) 184 
In which, ௖ܲ௢௥௢௡௔	is the corona power of ES filter(s) at time ti (kW/1000 m3 h-1). 185 
ܧ௙௔௡௧೔ ൌ ∆௉
೟೔ொೀಲ
೟೔
ଵ଴଴଴ఎ೟೚೟ೌ೗ (kW)         (17) 186 
Where: 187 
∆ܲ௧೔ : the total presure drop across ES filter(s) at time ti (Pa) 188 
∆ܲ௧೔ ൌ 	ߦ ൈ ఘ௩೟೔
మ
ଶ ൌ ߦ ൈ
ఘሺொೀಲ
೟೔ ሻమ
ଶி೟೔మ
         (18) 189 
ߩ ∶	density of moist air (kg m-3) 190 
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ܨ௧೔  : effective working area of ES filter(s) at time ti (m2) 191 
ߦ ∶ resistant coefficient across ES filter(s) (unitless) 192 
ߟ௧௢௧௔௟ : the total efficiency of fan, motor and variable speed driver (unitless) 193 
2.2.2. During hot weather 194 
The total energy consumption at time ti can be expressed as follows: 195 
ܧ௧೔ ൌ ܧ௧೔௖௢௢௟௜௡௚ ൅	ܧ௧೔௙௜௟௧௥௔௧௜௢௡        (19) 196 
Where:          197 
ܧ௧೔௖௢௢௟௜௡௚ ൌ 	ߩܳை஺௧೔ ߂ܪ௧೔ (W)        (20) 198 
ߩ : density of moist air (kg m-3) 199 
ܳை஺௧೔  : outdoor air flow rate at time ti (m3 s-1) 200 
߂ܪ௧೔ : difference between outdoor and indoor air enthalpy (KJ kg-1) 201 
߂ܪ௧೔ ൌ 	ܪ௢௨௧௧೔ െ ܪ௜௡௧೔          (21) 202 
ܪ௜௡௧೔ ൌ ݂ሺ ௜ܶ௡௧೔; ܴܪ௜௡௧೔ ሻ         (22) 203 
௜ܶ௡
௧೔: indoor temperature at time ti (oC) 204 
ܴܪ௜௡௧೔  : indoor relative humidity at time ti (decimal) 205 
ܪ௢௨௧௧೔ ൌ ݂ሺ ௢ܶ௨௧௧೔ ; ܴܪ௢௨௧௧೔ ሻ         (23) 206 
௢ܶ௨௧
௧೔  : outdoor temperature at time ti (oC) 207 
ܴܪ௢௨௧௧೔  : outdoor relative humidity at time ti (decimal) 208 
And the energy consumption of ES filters is: 209 
ܧ௧೔௙௜௟௧௥௔௧௜௢௡ ൌ ܧ௖௢௥௢௡௔௧೔ ൅ ܧ௙௔௡௧೔  (kW)       (15) 210 
2.3. Optimisation of indoor environmental quality and energy usage 211 
2.3.1. During mild weather 212 
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From Equations (10), (11) and (15), total potential energy savings can be calculated as 213 
follows: 214 
ܧ௧೔ ൌ ߩܳை஺௧೔ ߂ܪ௧௜ െ ሺ ௖ܲ௢௥௢௡௔ܳை஺௧೔ ൅ 	ߦߩ
ሺொೀಲ
೟೔ ሻయ
ଶ∗ଵ଴଴଴ி೟೔మఎ೟೚೟ೌ೗
ሻ     (24) 215 
Substituting ܳை஺_௢௣௧௜௠௔௟௧೔  for ܳை஺௧೔  and ߂ܪ௧೔௢௣௧௜௠௔௟ for ߂ܪ௧೔, we have: 216 
ܧ௧೔௢௣௧௜௠௔௟ ൌ ߩܳை஺_௢௣௧௜௠௔௟௧೔ ߂ܪ௧೔௢௣௧௜௠௔௟ െ ሺ ௖ܲ௢௥௢௡௔ܳை஺೚೛೟೔೘ೌ೗௧೔ ൅ 	ߦߩ
൬ொೀಲ೚೛೟೔೘ೌ೗
೟೔ ൰
య
ଶ∗ଵ଴଴଴ி೟೔మఎ೟೚೟ೌ೗
ሻ  (25) 217 
Where: 218 
						߂ܪ௧೔௢௣௧௜௠௔௟ ൌ 	ܪ௜௡௢௣௧௜௠௔௟ െ ܪ௢௨௧௧೔  
ܪ௜௡௢௣௧௜௠௔௟ ൌ ݂ሺ ௜ܶ௡௢௣௧௜௠௔௟, ܴܪ௜௡௢௣௧௜௠௔௟ሻ 
During mild weather	ሺܪ௢௨௧௧೔ ൑ ܪ௜௡௢௣௧௜௠௔௟), the outdoor air brought inside can cool down indoor 219 
air. Therefore increasing the outdoor air ventilation rate not only saves energy for cooling 220 
indoor air (free-cooling), but it also serves to decrease indoor CO2 concentrations. However, 221 
indoor PN concentration will increase if outdoor PN levels are higher than indoor levels. To 222 
keep indoor PN concentration at an acceptable level, a standardised indoor PN concentration 223 
(STDPN) was applied to limit outdoor air flow rate. Alternatively, the use of outdoor air 224 
filter(s) might be required to reduce numbers of outdoor particles if their concentrations are 225 
high. 226 
2.3.2. During hot weather 227 
From Equations (19), (20) and (15), the total energy consumption for cooling and filtering 228 
outdoor air flow can be given by: 229 
ܧ௧೔ ൌ ߩܳை஺௧೔ ߂ܪ௧೔ ൅	ሺ ௖ܲ௢௥௢௡௔ܳை஺௧೔ ൅ ߦߩ
ቀொೀಲ
೟೔ ቁయ
ଶ∗ଵ଴଴଴ி೟೔మఎ೟೚೟ೌ೗
ሻ	     (26) 230 
Substituting ܳை஺_௢௣௧௜௠௔௟௧೔  for ܳை஺௧೔  and ߂ܪ௧೔௢௣௧௜௠௔௟ for	߂ܪ௧೔, we have: 231 
ܧ௧೔௢௣௧௜௠௔௟ ൌ ߩܳை஺_௢௣௧௜௠௔௟௧೔ ߂ܪ௧೔௢௣௧௜௠௔௟ ൅ ሺ ௖ܲ௢௥௢௡௔ܳை஺೚೛೟೔೘ೌ೗௧೔ ൅ 	ߦߩ
ሺொೀಲ೚೛೟೔೘ೌ೗
೟೔ ሻయ
ଶ∗ଵ଴଴଴ி೟೔మఎ೟೚೟ೌ೗
ሻ  (27) 232 
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Where: 233 
					߂ܪ௧೔௢௣௧௜௠௔௟ ൌ 	ܪ௢௨௧௧೔ െ	ܪ௜௡௢௣௧௜௠௔௟ 
ܪ௜௡௢௣௧௜௠௔௟ ൌ ݂ሺ ௜ܶ௡௢௣௧௜௠௔௟, ܴܪ௜௡௢௣௧௜௠௔௟ሻ 
It can be clearly seen that during hot weather ሺܪ௢௨௧௧೔ ൐ ܪ௜௡௢௣௧௜௠௔௟), when the outdoor air 234 
ventilation rate is reduced, the energy consumption required for both cooling and filtering 235 
outdoor air will also be reduced. At the same time, the number of outdoor particles brought 236 
inside will decrease, while indoor CO2 concentration will increase. Therefore, an indoor CO2 237 
limitation (STDCO2) is applied to keep the indoor CO2 concentrations at an acceptable level 238 
during this period. 239 
2.4. Quantification of a winter optimal temperature at Brisbane 240 
Thermal comfort parameters were surveyed and measured during winter in Building C, an 241 
office building which was studied in our previous work [33, 34]. Building C covered an area 242 
of 25 x 80 m and each floor had one central plant room where outdoor and recirculating air 243 
were mixed and treated before being supplied to each office space, via a horizontal duct and 244 
variable air volume box system. A flexible instrument holder was used concurrently to 245 
measure basic physical parameters of air temperature, globe temperature, relative humidity 246 
and air velocity at the height of 0.85 m above floor level and within a 1 m radius of the seated 247 
subject. Specifically, a HOBO sensor was used to measure air temperature, globe temperature 248 
and relative humidity. The stated accuracy of the instrument was ±0.35 oC and ±2.5% for 249 
temperature and relative humidity, respectively. Mean radian temperature was assessed using 250 
a 38-mm-diameter globe (ping pong ball painted matte black) thermometer. Indoor air 251 
velocities were measured by a TSI Model 9535 VelociCalc hot-wire anemometer. 252 
A questionnaire form, approved by the Human Research Ethics Committee at the Queensland 253 
University of Technology (approval number 0900001434), was distributed to occupants to 254 
collect information on clothing and metabolic activities and the physical parameters described 255 
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above were measured simultaneous to the questionnaire being completed. A subjective 256 
indication of thermal sensation was also included in the questionnaire, with the results given 257 
as the term 'Actual Mean Vote' (AMV). The thermal sensation scale was based on the 258 
ASHRAE seven-point scale from cold (-3) to hot (+3), with neutral at 0. A copy of the 259 
questionnaire form is provided in the supporting information section. The values of PMV for 260 
each subject were re-calculated using the Fountain model [65] and software, available at 261 
http://web.arch.usyd.edu.au/~rdedear/. The PMV and AMV values were then binned into 0.5 262 
oC intervals according to operative temperatures that were the paired average of air 263 
temperature and mean radiant temperature, and a probit regression technique was employed to 264 
identify the neutral (optimal) temperature. 265 
2.5. Evaluated office buildings and methods to collect model input data 266 
In order to assess the performance of the integrated model, office buildings in which indoor 267 
PN concentration was strongly influenced by high outdoor particle concentrations originating 268 
from vehicle emissions and/or nucleation events were required. Based on these criteria, 269 
Buildings A and B, described in our previous work [33, 34], were chosen. 270 
Building A is a 4 story building, ~17 m in height, and located close to a busy bus-only 271 
roadway (bus-way). Building A had two central ventilation plants, which were located 272 
towards the middle of each floor. Outdoor air was taken from air intakes located at the front 273 
of each plant room, which were close to the nearby bus-way. Outdoor air intakes were 274 
digitally controlled and therefore, outdoor flow rate could be easily changed if required.  Deep 275 
bag filters were located in the air stream of mixed outdoor air and return air. Indoor particle 276 
concentrations were more strongly influenced by outdoor air in this building compared to the 277 
other buildings investigated [33]. 278 
Building B was a 18 story building, ~77 m in height, located in the centre of Brisbane’s CBD 279 
(Central Business District). Building B had a sole central plant room located at the rooftop 280 
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level, where outdoor air was taken in via air intakes and mixed with return air from all levels, 281 
before it was filtered by deep bag filters and conditioned in air handling units. Measurements 282 
at this building were performed in summer, and more frequent and stronger nucleation events 283 
were observed at Building B compared to the other buildings investigated in the study [34]. 284 
The model input parameters collected at each building were as follows: indoor and outdoor 285 
PN concentrations in the size range 6-3000 nm were measured by TSI Model 3025 and 3781 286 
CPCs, respectively; indoor and outdoor CO2 concentration, temperature and relative humidity 287 
were measured by TSI Model 8552 and 7545 QTrak, respectively; and the velocities of 288 
outdoor, return and mixing air were measured by a TSI Model 8705 Anemometer and a TSI 289 
Model 9535 VelociCalc. Further details of the measurement approach for these parameters are 290 
provided in Quang et al. [33, 34]. In addition, the number of occupants inside the relevant 291 
offices was determined based on hourly head-counts. 292 
 2.6. Data analysis 293 
All statistical analyses (descriptive, correlation, regression, t-test and One-Way ANOVA) 294 
were conducted using SPSS for Windows version 18 (SPSS Inc.). A probability level of 5% 295 
was used as the threshold for statistical significance in all analyses. 296 
3. Results and discussion 297 
3.1. Quantification of optimal indoor temperature in an air-conditioned office building 298 
Summary statistics of indoor climatic measurements during the winter months, together with 299 
the results of the questionnaire for the 87 respondents in Building C are given in Tables 1 and 300 
2, respectively. Mean radiant and air temperatures were not significantly different, and 301 
generally similar to those previously measured in Brisbane office buildings during the 302 
summer months by de Dear and Auliciems [61]. Mean relative humidity ranged between 34 303 
and 56 %, while mean air velocity was 0.08 m s-1, both of which were comparable to the 304 
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levels observed in other mechanically ventilated office buildings in Australia [61]. Our mean 305 
activity level of 1.25 met was also comparable to this earlier work, however, as expected, the 306 
winter clothing insulation values in our survey, which include the effect of chair insulation, 307 
were significantly higher than those surveyed in Brisbane during the summer. 308 
A summary of the thermal sensation AMV (actual mean votes – observed) and the PMV 309 
(predicted mean votes) values are given in Table 3 and these are plotted versus operative 310 
temperatures (To) in Figure 1.The linear regression equations that best fit the AMV and PMV 311 
data are given below: 312 
AMV = 0.543To – 12.93 (R2 = 0.92)       (28) 313 
PMV = 0.419To – 9.722 (R2 = 0.58)        (29) 314 
From Equations (28) and (29), the observed and theoretical neutral (optimal) operative 315 
temperature, where AMV and PMV values were equal to zero (i.e. when occupants were most 316 
likely to feel thermally neutral), were found to be 23.8 oC and 23.2 oC, respectively, in a 317 
Brisbane office building during winter time. Compared to the Brisbane summer time neutral 318 
temperatures reported by de Dear and Auliciems [61], the winter neutrality observed in this 319 
study was identical (23.8 oC), while the PMV-predicted neutrality in the winter was lower 320 
(23.2 oC vs. 25.1 oC predicted by the PMV model in de Dear and Auliciems [61]). While the 321 
sample size of 87 subjects was relatively modest, it was adequate as the aim of the exercise 322 
was to determine a realistic input value for the integrated model. 323 
Table 1. Summary of the indoor micro-climatic data in Building C 324 
 Mean SD Max Min
Air temperature (oC) 23.8 0.5 24.7 22.1
Relative humidity (%) 44.1 7.2 55.8 33.6
Mean radiant temperature (oC) 23.9 0.6 25.1 22.2
Operative temperature to (oC) 23.8 0.5 24.8 22.4
Air velocity (m/s) 0.08 0.06 0.28 0.01
 325 
Table 2. Summary of metabolic and clothing data (including chair insulation). 326 
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 Mean SD Max Min
Clothing insulation (clo) 0.78 0.18 1.40 0.40
Metabolic heat (met) 1.25 0.10 1.60 1.00
Table 3. Summary of thermal comfort votes 327 
 Mean SD Max Min 
Predicted mean vote PMV 0.20 0.32 1.04 -0.54
Observed mean vote AMV -0.13 1.08 3.00 -2.00
 328 
 329 
Figure 1. Mean thermal sensation votes (AMV) compared to mean predicted thermal 330 
sensations (PMV) in operative temperature bins. 331 
 332 
3.2. Model input parameters 333 
The model input parameters were based on both measured data and that reported in the 334 
literature. Optimal indoor temperatures, based on the findings of this research and also from 335 
the literature [61], and optimal indoor relative humidities (RH) gathered from Parlour [66] 336 
were used to calculate optimal enthalpy for the winter and summer seasons, respectively. To 337 
optimise indoor environmental quality, which includes indoor air quality and thermal comfort, 338 
together with the minimisation of energy usage, acceptable or set indoor concentrations for 339 
PN and CO2 were applied. The upper concentration for indoor CO2 was set to be 900 ppm, 340 
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10% lower than that suggested by the ASHRAE standard 62.1-2010 [67] for office buildings 341 
(1000 ppm) as a safeguard that the modelled values are below the standard. Since there are 342 
currently no standards for indoor PN concentration, a concentration of 3000 p cm-3 was set as 343 
a proxy “standard” for indoor PN levels. This figure was based on the low levels of indoor PN 344 
observed in recent studies in office buildings [29, 33, 68, 69]. The corona power of 345 
electrostatic filtration was obtained from Neundorfer [70]. The resistant coefficient across the 346 
ES filters was based on data provided by the manufacturers. The total efficiency of fan, motor 347 
and variable speed driver was also determined based on manufacturer specifications. The 348 
mixing factor, mixing and outdoor air filter efficiencies, particle penetration factor and indoor 349 
particle deposition rate were all based on the findings of our previous field studies in 350 
buildings A, B and C [33]. The remaining parameters were measured for the two buildings of 351 
the current study. The input data used in the component models and integrated model are 352 
summarised in Table 4. 353 
Table 4. Summary of model input parameters 354 
Input parameter  Sym. Building A Building B 
Room effective volume ( m3)  Vroom 7.94 × 103 4.38 × 103 
Mixing factor  k 1 1 
Filter efficiency (mixing air)  FEAHS 0.47 0.26 
Filter efficiency (outdoor air)  FEOA - - 
Penetration factor  Pbld 0.8 0.8 
Deposition rate  (h-1)   λ 4.51 × 10-5 4.51 × 10-5 
CO2 emission rate (mg s-1 person-1)  10.21 10.21 
Number of occupants (person)   13-46 
Corona power of ES filter (kW/1000 m3 h-1) Pcorona 0.3 0.3 
Effective working area of ES filter(s) (m2) F 0.9-2.7 0.45 
Resistant coefficient across ES filter ξ 8 8 
Total efficiency of fan, motor and variable speed 
driver ηtotal 0.7 0.7 
Air quality parameters    
Outdoor PN concentration (×103 p cm-3) PNout 8.83-39.3 6.85-53.9 
Outdoor CO2 concentration (ppm) CO2out 371-483 397-424 
Indoor CO2 concentration  (ppm) CO2in 554-790 675-967 
Climate parameters  
Mild 
(winter) 
Hot 
(summer) 
Outdoor temperature (oC)  Tout 11-24 26-34 
Outdoor RH (decimal) RHout 40-86 37-67 
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Input parameter  Sym. Building A Building B 
Optimal indoor temparature (oC) ௜ܶ௡
௢௣௧௜௠௔௟ 23.8 23.8 
Optimal indoor RH (decimal) ܴܪ௜௡௢௣௧௜௠௔௟ 0.50 0.50 
Air flow rate (m3 s-1)       
Outdoor  Qoa 1.45-3.25 0.45 
Return  Qra 13.8 7.25 
Supply  Qsa 15.8 7.7 
Exceed  Qexc 1.45-3.25 0.45 
 355 
3.3. Assessment the performance of IAQ model components 356 
Predicted and measured indoor PN and CO2 concentrations at Buildings A and B are 357 
presented in Figures 2 and 3, respectively. The statistical indicators from ASTM D5157 [71] 358 
were applied to evaluate the performance of the indoor PN and CO2 models. The statistical 359 
tools used for evaluating the accuracy of the model predictions included: (i) the correlation 360 
coefficient of predictions compared to measurements (r), for which the value should be 0.9 or 361 
greater; (ii) the line of regression between the predictions and measurements, which should 362 
have a slope (b) between 0.75 and 1.25, and an intercept (a) less than 25% of the average 363 
measured concentration; and (iii) the normalised mean square error (NMSE), for which the 364 
value should be less than 0.25. At the same time, the bias of the model was measured based 365 
on: (i) the normalised fractional bias of the mean concentration (FB), for which the value 366 
should be 0.25 or lower; and (ii) the fractional bias based on the variance (FS), for which the 367 
value should be 0.5 or lower.  These indicators for indoor PN and CO2 concentration models 368 
were calculated and given in Table 5.  Compared to the criteria outlined in the ASTM D5157, 369 
all evaluation indicators satisfied the criteria for both PN and CO2 models in the two 370 
buildings. This suggests that these models can perform adequately, even when some 371 
parameters were not taken into account in the models, such as the influence of indoor particle 372 
sources and penetration of CO2 via building envelopes on indoor PN and CO2 concentrations, 373 
respectively. The evaluation indicators for the PN models were also in good agreement with 374 
those of the previous model that included the effect of indoor particle sources [33]. 375 
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 376 
 377 
Table 5. Summary of indicators for the assessment of indoor PN and CO2 concentration 378 
models 379 
Site Model r a b NMSE FB FS 
Building A Indoor PN  0.91 -732 0.95 0.05 -0.17 0.09 
 Indoor CO2 0.94 -115 1.15 0.00 -0.02 0.39 
Building B Indoor PN  0.97 -36 0.90 0.04 -0.11 -0.14 
 Indoor CO2 0.92 -177 1.21 0.00 0.02 0.48 
 380 
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Figure 2. Indoor PN and CO2 concentrations – predicted versus measured in Building A. 381 
 382 
Figure 3. Indoor PN and CO2 concentrations – predicted versus measured in Building B. 383 
3.4. Optimisation of indoor environmental quality and energy usage in office buildings 384 
located in high outdoor PN concentration areas using the integrated model 385 
Two typical data sets were selected to validate the integrated model for mild and hot weather 386 
conditions. One set was obtained on a winter day at Building A, where high outdoor PN 387 
  20 
 
concentrations were mainly due to vehicle emissions [34]. The other was obtained at Building 388 
B on a summer day, when outdoor particle levels were strongly affected by new particle 389 
formation – a frequent occurrence in Brisbane during summer [34]. The integrated model was 390 
applied to predict and assess indoor air quality (indoor PN and CO2 concentrations) and 391 
relevant energy usage with the consideration of indoor thermal comfort for different 392 
ventilation operation modes, including (i) normal operation or non-optimisation, (ii) 393 
optimisation mode without outdoor air filtration, (iii) optimisation mode with full outdoor air 394 
filtration (i.e. outdoor air filters were always running when the ventilation system was on), 395 
and (iv) optimisation with partial operation of outdoor air filtration (i.e. outdoor air filters 396 
only ran when indoor PN levels were higher than the standard concentration (3000 p cm-3)). 397 
3.4.1. During mild weather 398 
The integrated model was applied to predict indoor PN and CO2 concentrations, and potential 399 
energy savings due to free cooling in Building A during mild weather conditions (winter), the 400 
results of which are presented in Table S1 and Figure 4. In general, optimised indoor PN 401 
concentrations were significantly lower, with a decrease of up to 42% compared to normal 402 
(non-optimisation) operation of the ventilation system (p < 0.01). However, when the system 403 
was in optimisation mode without outdoor air filtration, indoor PN and CO2 concentrations 404 
were at times higher than their respective ‘standards’ during the morning road traffic rush-405 
hours in Brisbane. While indoor CO2 concentration was significantly lower under 406 
optimisation mode with full outdoor air filtration than other modes (p < 0.01), there was no 407 
significant difference between the remaining operation modes (p = 0.38). Similarly, potential 408 
energy savings were not significantly different for normal and optimised operation modes, 409 
without and with partial outdoor air filtration (p = 0.43), however they were significantly 410 
higher (up to 50%) under optimisation mode with full outdoor air filtration than for the other 411 
three modes (p < 0.01). These findings clearly show that the application of the integrated 412 
model for determining optimal ventilation mode can markedly decrease indoor PN 413 
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concentrations. In particular, the optimisation mode with full outdoor air filtration not only 414 
helped to improve indoor PN and CO2 concentration, but it also increased potential energy 415 
savings due to free cooling. 416 
 417 
Figure 4. Optimisation of indoor environmental quality and potential energy savings (ES) at 418 
Building A during mild weather (Note: “normal”: normal operation or no optimisation; “w/o 419 
OAF”: optimisation without outdoor air filtration; “full OAF”: optimisation with full 420 
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operation of outdoor air filters; “partial OAF”: optimisation with partial operation of outdoor 421 
air filters). 422 
3.4.2. During hot weather 423 
Indoor PN and CO2 concentrations, and energy consumption in Building B during hot 424 
weather, when outdoor particles were strongly influenced by new particle formation, were 425 
predicted and are presented in Table S2 and Figure 5. Overall, indoor PN concentrations 426 
under optimisation modes were significantly lower than under normal operation mode (p < 427 
0.01). Energy consumption was not significantly different between all operation modes (p = 428 
0.28). However, during the nucleation event, many values for indoor PN and CO2 429 
concentration under optimisation mode without outdoor air filtration exceeded the allowable 430 
limits. Indoor CO2 concentrations under optimisation mode with full and partial outdoor air 431 
filtration were comparable and significantly lower than the standard (p < 0.05). However, 432 
indoor PN concentration with full outdoor air filtration was significantly lower than for partial 433 
outdoor air filtration and the standard (p < 0.01). Based on these findings, optimisation mode 434 
with full outdoor air filtration is highly beneficial in terms of indoor air quality in office 435 
buildings where indoor particles are strongly affected by high concentrations of newly-formed 436 
outdoor particles. 437 
In summary, the results from running the integrated model showed that the optimisation mode 438 
with full outdoor air filtration can improve indoor air quality and energy conservation during 439 
both mild and hot weather in the mechanically ventilated office buildings which are strongly 440 
affected by outdoor particle levels. 441 
 442 
  443 
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 444 
Figure 5. Optimisation of indoor environmental quality and energy consumption (EC) during 445 
hot weather at Building B (Note: “normal”: normal operation or no optimisation; “w/o OAF”: 446 
optimisation without outdoor air filtration; “full OAF”: optimisation with full operation of 447 
outdoor air filters; “partial OAF”: optimisation with partial operation of outdoor air filters). 448 
  449 
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3.5. Practical implications of the optimal model to control outdoor air ventilation 450 
When using the model to determine optimal ventilation conditions for a building, the 451 
difference between outdoor and indoor air enthalpy at time ti (߂ܪ௧೔) should be used to 452 
determine the baseline weather conditions (mild or hot). Based on this, the integrated model 453 
will be able to determine the optimal outdoor air (OA) flow rate, while maintaining acceptable 454 
levels of indoor PN and CO2 concentrations. For instance, if ߂ܪ௧೔ < 0, the free-cooling mode 455 
would be selected with maximum OA ventilation and a standardised indoor PN concentration 456 
(STDPN) would be applied to limit outdoor air flow rate, in order to maintain acceptable 457 
indoor PN levels. Simultaneously, the outdoor air filter(s) would be assumed to be in 458 
operation, in order to clean outdoor particles, based on the findings described in Section 3.4.1. 459 
To run the model, the following parameters are required as input data. Outdoor temperature 460 
and related humidity (RH) at time ti are required to determine air enthalpy (optimal indoor 461 
temperature and RH are set as indoor parameters). These outdoor parameters should be 462 
measured on-site (close to the air intake(s) of the building‘s HVAC system) or transmitted 463 
online from a nearby automated weather station. According to Equation 1, indoor PN 464 
concentration at time ti depends on outdoor PN concentration. Similarly, outdoor PN 465 
concentration at time ti should be monitored on-site, if outdoor concentration is significantly 466 
higher than background levels (as was the case for Building A), or transmitted online from a 467 
nearby local air quality monitoring station, if outdoor concentration is not significantly 468 
different compared to ambient levels (as was the case for Building B) [33]. Indoor CO2 469 
concentration at time ti mainly depends on outdoor concentrations and the number of people 470 
present inside the building (Formula 7). Outdoor CO2 concentration at time ti should also be 471 
monitored on-site or sourced from a local air quality monitoring station. In addition to visual 472 
observations, the number of occupants present inside the building at time ti can also be 473 
determined via the buiding access control system, if present. 474 
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In practice, the controls for a building‘s HVAC system are run independently or integrated 475 
into the building management system (BMS), which is used to operate and monitor the 476 
HVAC system. Hence, to optimise the outdoor air ventilation of a buildings HVAC system, 477 
the model needs to be integrated into the HVAC control and/or BMS software. At the same 478 
time, a number of sensors or remote connections (listed in Table 6 below) are required to 479 
connect to the HVAC controls and/or BMS, in order to provide input data to run the optimal 480 
model. As a result, the output data of the model could then be used to control the position of 481 
outdoor air intake(s), in order to achieve the outdoor air flow rates required to achieve optimal 482 
indoor environmental quality and energy usage. 483 
Table 6. List of sensors and online connetions requested to link to the BMS 484 
 Parameters Collecttion methods 
Onsite measurement* Remote Connection** 
   
Outdoor temperature at time ti Sensor Internet link 
Outdoor RH at time ti Sensor Internet link 
Outdoor PN concentration at time ti Sensor Internet link 
Outdoor CO2 concentration at time ti Sensor Internet link 
Number of present occupants at time ti Building acess control  
* Applying when local parameters are significantly different compared to background values. 485 
** Aplying when local paramenters are not significant different compared to background 486 
value. 487 
4. Conclusions 488 
An integrated model based on previously validated sub-models has been developed with the 489 
aim of simultaneously optimising indoor environmental quality (including PN and CO2 490 
concentration, and thermal comfort) and energy consumption in air conditioned office 491 
buildings in Brisbane, Australia. All buildings were located in urban areas with relatively high 492 
outdoor particle concentrations. Model parameters were mostly determined from fieldwork 493 
performed within the modelled buildings. These included indoor air quality, thermal comfort 494 
and energy consumption. 495 
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Results from running the model to evaluate indoor PN and CO2 concentrations and energy 496 
usage to maintain thermal comfort, with full outdoor air filtration during mild and hot weather 497 
conditions, were very positive in terms of optimising both indoor air quality and energy 498 
conservation. Combined with our previous work [33, 34], these findings highlight a practical 499 
approach to locating and operating HVAC systems in urban office buildings in order to 500 
balance the best possible indoor air quality for occupants against the logistics of energy 501 
consumption. This approach is timely given the contribution of commercial building energy 502 
consumption to greenhouse gas emissions in Australia and overseas. 503 
Addition of other building thermal load components to this model in future will make it the 504 
most comprehensive method available. Input of relevant local data makes it very useful for 505 
simulating and guiding the operation of HVAC systems in any climatic region. 506 
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Supplementary Materials 697 
Table S1. Summary of IEQ and potential energy saving at Building A during mild weather 698 
 Measured Modelled 
  Normal Optimisation 
   w/o OAF* full OAF* partial OAF* 
Indoor PN concentration (×103 p cm-3) 
Mean 6.36 5.72 3.01 3.00 3.00
SD 1.71 1.79 0.10 0.00 0.00
Max 10.1 9.37 3.47 3.00 3.01
Median 5.99 5.42 3.00 3.00 3.00
Min 3.81 2.65 2.99 3.00 2.99
      
Indoor CO2 concentration (ppm) 
Mean 696 683 706 517 660
SD 70 86 167 80 124
Max 790 776 1037 705 885
Median 728 729 691 503 667
Min 554 498 392 382 392
      
Potential energy saving (W m-2) 
Mean  5.48 5.16 11.4 6.38
SD  3.88 2.55 6.66 4.64
Max  13.8 10.5 24.7 17.8
Median  3.53 4.64 10.2 4.64
Min  0.14 0.23 -2.59 0.23
*OAF: outdoor air filtration 699 
Table S2. Summary of IEQ and energy consumption in Building B during hot weather 700 
 Measured Modelled 
  Normal Optimisation 
   w/o OAF* full OAF* partial OAF* 
Indoor PN concentration (×103 p cm-3) 
Mean 4.25 3.76 1.68 0.85 1.49
SD 2.78 2.59 1.09 0.62 0.81
Max 10.2 10.7 3.77 2.37 3.00
Median 3.27 2.50 1.17 0.54 1.17
Min 1.47 1.38 0.38 0.20 0.38
      
Indoor CO2 concentration (ppm) 
Mean 894 902 925 900 873
SD 87 118 60 0 58
Max 967 995 1142 900 908
Median 934 945 900 900 900
Min 675 575 900 900 707
      
Energy consumption (W m-2)     
Mean  9.61 9.30 9.57 10.6
SD  1.63 3.01 3.19 4.09
Max  12.2 13.3 13.1 18.6
Median  10.3 10.2 10.0 10.9
Min  6.43 2.35 2.27 2.27
*OAF: outdoor air filtration 701 
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Thermal comfort survey form 702 
 703 
  704 
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Table 1. Summary of the indoor micro-climatic data in Building C 707 
 Mean SD Max Min
Air temperature (oC) 23.8 0.5 24.7 22.1
Relative humidity (%) 44.1 7.2 55.8 33.6
Mean radiant temperature (oC) 23.9 0.6 25.1 22.2
Operative temperature to (oC) 23.8 0.5 24.8 22.4
Air velocity (m/s) 0.08 0.06 0.28 0.01
 708 
Table 2. Summary of metabolic and clothing data (including chair insulation). 709 
 Mean SD Max Min
Clothing insulation (clo) 0.78 0.18 1.40 0.40
Metabolism heat (met) 1.25 0.10 1.60 1.00
Table 3. Summary of thermal comfort votes 710 
 Mean SD Max Min 
Predicted mean vote PMV 0.20 0.32 1.04 -0.54
Observed mean vote AMV -0.13 1.08 3.00 -2.00
 711 
  712 
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Table 4. Summary of model input parameters 713 
Input parameter  Sym. Building A Building B 
Room effective volume ( m3)  Vroom 7.94 × 103 4.38 × 103 
Mixing factor  k 1 1 
Filter efficiency (mixing air)  FEAHS 0.47 0.26 
Filter efficiency (outdoor air)  FEOA - - 
Penetration factor  Pbld 0.8 0.8 
Deposition rate  (h-1)   λ 4.51 × 10-5 4.51 × 10-5 
CO2 emission rate (mg s-1 person-1)  10.21 10.21 
Number of occupants (person)   13-46 
Corona power of ES filter (kW/1000 m3 h-1) Pcorona 0.3 0.3 
Effective working area of ES filter(s) (m2) F 0.9-2.7 0.45 
Resistant coefficient across ES filter ξ 8 8 
Total efficiency of fan, motor and variable speed 
driver ηtotal 0.7 0.7 
Air quality parameters    
Outdoor PN concentration (×103 p cm-3) PNout 8.83-39.3 6.85-53.9 
Outdoor CO2 concentration (ppm) CO2out 371-483 397-424 
Indoor CO2 concentration  (ppm) CO2in 554-790 675-967 
Climate parameters  
Mild 
(winter) 
Hot 
(summer) 
Outdoor temperature (oC)  Tout 11-24 26-34 
Outdoor RH (decimal) RHout 40-86 37-67 
Optimal indoor temparature (oC) ௜ܶ௡
௢௣௧௜௠௔௟ 23.8 23.8 
Optimal indoor RH (decimal) ܴܪ௜௡௢௣௧௜௠௔௟ 0.50 0.50 
Air flow rate (m3 s-1)       
Outdoor  Qoa 1.45-3.25 0.45 
Return  Qra 13.8 7.25 
Supply  Qsa 15.8 7.7 
Exceed  Qexc 1.45-3.25 0.45 
 714 
Table 5. Summary of indicators for the assessment of indoor PN and CO2 concentration 715 
models 716 
Site Model r a b NMSE FB FS 
Building A Indoor PN  0.91 -732 0.95 0.05 -0.17 0.09 
 Indoor CO2 0.94 -115 1.15 0.00 -0.02 0.39 
Building B Indoor PN  0.97 -36 0.90 0.04 -0.11 -0.14 
 Indoor CO2 0.92 -177 1.21 0.00 0.02 0.48 
  717 
  37 
 
Table 6. List of sensors and online connetions requested to link to the BMS 718 
 Parameters Collecttion methods 
Onsite measurement* Remote Connection** 
   
Outdoor temperature at time ti Sensor Internet link 
Outdoor RH at time ti Sensor Internet link 
Outdoor PN concentration at time ti Sensor Internet link 
Outdoor CO2 concentration at time ti Sensor Internet link 
Number of present occupants at time ti Building acess control  
* Applying when local parameters are significantly different compared to background values. 719 
** Aplying when local paramenters are not significant different compared to background 720 
value. 721 
 722 
 723 
 724 
 725 
Figure 1. Mean thermal sensation votes (AMV) compared to mean predicted thermal 726 
sensations (PMV) in operative temperature bins. 727 
 728 
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 729 
Figure 2. Indoor PN and CO2 concentrations – predicted versus measured in Building A. 730 
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 731 
Figure 3. Indoor PN and CO2 concentrations – predicted versus measured in Building B. 732 
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 733 
Figure 4. Optimisation of indoor environmental quality and potential energy savings (ES) at 734 
Building A during mild weather (Note: “normal”: normal operation or no optimisation; “w/o 735 
OAF”: optimisation without outdoor air filtration; “full OAF”: optimisation with full 736 
operation of outdoor air filters; “partial OAF”: optimisation with partial operation of outdoor 737 
air filters). 738 
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 739 
Figure 5. Optimisation of indoor environmental quality and energy consumption (EC) during 740 
hot weather at Building B (Note: “normal”: normal operation or no optimisation; “w/o OAF”: 741 
optimisation without outdoor air filtration; “full OAF”: optimisation with full operation of 742 
outdoor air filters; “partial OAF”: optimisation with partial operation of outdoor air filters). 743 
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